Absolute densities of nitrous species were studied in an atmospheric pressure RF plasma jet. The measurement of NO and N 2 O densities has been performed mainly by means of ex situ quantum-cascade laser absorption spectroscopy via a multi-pass cell in Herriot configuration.
Background and motivation
Atmospheric pressure plasma jets are non-thermal plasmas in which at low gas temperature reactive species are produced that can be transported over several centimeters in air without being confined by any structure or electrode. These properties make it a very attractive tool for biomedical applications [1] [2] [3] [4] [5] [6] . Among the reactive species produced by this plasma, NO is well known for its biomedical properties such as in vascularization [7] and in ulcer treatment [8] , while N 2 O is used as anesthetic and analgesic gas, especially in dentistry [9, 10] .
The goal of this study is to identify basic dependences of NO and N 2 O production/destruction as a function of various parameters such as gas mixture, power or gas flow, in order to optimize the μ-APPJ for biomedical application.
In 2006, Stoffels et al studied the generation of NO by a plasma needle, which is the precursor of plasma jets [11] . By means of mass spectrometry, they identified NO as the main conversion product. But in their case, the gas composition was mostly in air, since only 15% He as admixture was present. Then some others studies have been devoted to RF μ-APPJ (micro atmospheric pressure plasma jets) on the measurement of NO production. Pipa et al measured the absolute production rate of NO molecules in the gas phase by a tunable diode laser absorption spectroscopy method [12, 13] , while van Gessel et al and Iséni et al characterized the absolute NO density with laser-induced fluorescence [14, 15] and van Ham et al with mass spectroscopic measurements [16] . They showed that NO production increases with plasma power and is strongly affected by the air admixture. Van Gessel et al obtained the maximal production of NO with an air admixture of less than 2%. Furthermore the study of Iséni et al showed that the NO distribution is sensitive to flow regime. They have also studied the NO production in a RF μ-APPJ in the far field. But in their case, the NO density was too low to be measured by their setup [17] . The latter was based on IR absorption spectroscopy using a quantum cascade laser (QCL) and the detection limit was determined to be 20 ppb. They assumed that the NO production follows the excited NO species emission and showed that it increased as a function of the air admixture without reaching a local maximum, which is in contrast to what is reported by Pipa et al and van Gessel et al.
Recently a study on the measurement of NO with helium as feed gas has been done in a μ-APPJ driven by a kHz excitation. They reported that helium mixtures create more NO than the argon mixtures [18] .
Although the above mentioned studies give a quantitative picture of the NO production in a RF μ-APPJ fed with argon, no investigations have been reported in the literature in helium as a feed gas. Furthermore, no measurement on the N 2 O production by a RF μ-APPJ has been performed so far. Another research question is how the NO density relates to the density of other nitrous species and how this ratio can be influenced.
In order to study the NO and N 2 O production by a RF μ-APPJ fed with helium and to optimize it for biomedical applications, we measured the densities of these species as a function of different parameters such as the power, the gas flow and the gas mixture (oxygen, nitrogen and water) by using mid-IR QCL absorption spectroscopy. The absolute NO and N 2 O densities were determined in the exhaust of the plasma jet.
Experiment

Plasma jet
The plasma source used for the investigation is similar to the COST Reference Microplasma Jet (μ-APPJ), illustrated in figure 1 [19] . The difference of the COST jet compared to ours lies in a more efficient electrical power supply by a resonant circuit and more precise power measurements of the first. A better shielding and probably higher gas purity is achieved as well. However, since gas mixtures are used and the plug-power efficiency is not an issue, the results can be extrapolated to the COST jet as well. The jet consisted of two stainless steel electrodes at a distance of 1 mm and a thickness of 1 mm, which are glued in between two quartz glass plates to form a well-defined plasma channel. Therefore the plasma operation does not depend on the ambient gas mixture. The length of this channel is 30 mm. The feed gas line as well as the vacuum chamber is fully made of stainless steel and can be evacuated. In that way the impurity level is kept low.
Helium (He, 99.999% purity) is used as feeding gas. The standard helium flow was 1.4 slm (standard liter per minute) with small admixtures of molecular nitrogen, oxygen and water (N 2 and O 2 99.999% purity) of below 1%.
The water was added into the feed gas via a bubbler in the feed gas line. Part of the He flows through that bubbler which was cooled down to 0 °C in order to have a reliable water vapor pressure and no condensation downstream. Assuming full vapor saturation the water concentration can be calculated.
The plasma was driven by applying a sinusoidal voltage of 13.56 MHz in the range of 160-280 V RMS , which corresponds to an absorbed power of a few Watt. The large impedance mismatch between generator and plasma, which are almost purely capacitively coupled, requires that the RF-generator is connected to the jet through a matching network. The absorbed power P abs in the plasma is measured by recording the current and voltage between generator and matching network with plasma on and plasma off, as described by Hofmann et al [20] . For plasma off, the power was kept constant but the plasma was extinguished by air let into the chamber. The absorbed power is integrated over full RF cycles and reads
The phase shift ϕ 0 was chosen in such a way that the plasma off case showed a phase shift of 0° according to the impedance of the matching network on the generator side.
Laser system
The NO and N 2 O densities were measured by means of ex situ mid-IR absorption spectroscopy. This method provides direct measurement of the absolute densities of species in their ground state. Even though this quantity is a line of sight average value [21] [22] [23] [24] [25] , this feature is in this case not a drawback, as the number densities of species were measured ex situ in a multi-pass cell. Figure 2 shows the diagnostics setup with the implementation of the μ-APPJ. A QCL laser head by Q-MACs with exchangeable laser diodes has been used. Two diodes were employed: one to measure NO which emits in the spectral range from 1902 to 1904 cm −1 , and a second one to measure N 2 O emitting from 2210 to 2015 cm −1 . NO 2 must play an important role in the production and loss processes of those two species, but in our setup, its measure was not possible since no NO 2 absorption lines was detectable in the wavelength range of the two laser diodes used. Both diodes were driven in the so-called intra-pulsed mode. The laser wavelength is coarsely tuned by the temperature of the laser diode, which is controlled via a Peltier element in contact with the diode. The emission wavelength of the QCL is finely tuned by the temperature change caused by the current flowing during the pulse. The laser beam coming directly from the diode was collimated with an off-axis parabolic gold mirror (M1) and is then directed by a mirror (M2) through a 'Herriott' type multi-pass cell with a total absorption path length of 28.1 m (Details on the Herriott cell are given in the next section). The laser beam is then focused on a infrared gallium arsenide detector, with a 1 ns response time, (IRDM-1GA, neoplascontrol, Q-MACS) via a lens (L). The signal is then recorded with a digitizing oscilloscope (LeCroy Waverunner 610zi, 1 GHz). Since mid-IR is not directly visible, the optical alignment through the multi-pass cell of the IR laser has been performed with a red laser diode (alignment laser) for which its beam pathway overlapped with the IR laser. Data acquisition was performed on a PC and processed by Q-MACSoft Monitor software [26] .
Herriott cell
The advantage of a Herriott cell is that it provides a long absorption path in a small volume while being relatively easy to set up. Figure 3 for an example of 12 passes. By proper choice of the mirror spacing, d, the beam exits through the entrance hole after a number of passes, N, thus closing the ellipse by respecting the following equation [27] [28] [29] .
where j (=1, 2, 3,…) is the number of turns around the ellipse. The number of passes, N, with the closure condition is given by [30] 
where m is an integer. The combination of the number of passes, N, and the number of turns around the ellipse, j, to achieve a re-entrant path, can be expressed in terms of families for various integers m [29] . In figure 4 , we show a plot of the number of passes, N, versus the mirror spacing, d, with the above given focal length, f, for the families m = 1, 2, 3, 4 and 5.
In this work, we chose a mirror spacing of 740 mm, which corresponds to 38 passes and 8 turns around the ellipse. That gives a total absorption path of 28.1 m within the multi-pass cell. These parameters belong to the m = 3 family. The path length has been checked by measuring the delay between the reflection of the signal at the entrance NaCL window (W) and the reflected signal from the cell. A delay of 94.4 ns was recorded, which corresponds very well to the predicted absorption length.
NO and N 2 O absolute density determination
Absorption spectroscopy is based on the Beer Lambert relation between the incident I(ν) and the transmitted I 0 (ν) intensity of the laser radiation. For a homogeneous medium the law can be expressed as [25, 31] :
Here, l is the absorption length, which is 2810 cm throughout this paper and k(ν) the absorption coefficient which is given by:
With n u and n l [m −3 ] being the densities in the lower and upper state of the transition respectively, g l and g u , the statistical weights of these levels, n [m
] is the density of the absorbing specie, Φ(ν) [s] the normalized line profile
] the frequency of the transition, and μ[C m] the transition dipole momentum. Equation (5) is expressed in SI units, but it is more common to use the CGS system in infra-red spectroscopy. Equation (5) is then expressed in CGS units as:
The units are now:
. In the IR range, the intensity of the line is often expressed by the line strength, S [cm/molecule], which is given by
Integrating equation (4) over the frequency, the number density of the absorbing specie along a line of sight is then defined as:
The NO density was measured via two absorption lines and the N 2 O density via three absorption lines. Examples of absorption spectra are shown respectively in figures 5(a) and (b) for NO and N 2 O. As these lines spectrally overlap, a composed fitting taking into account the individual line strengths is performed. Only lines with a line strength higher than 9 × 10
cm/molecule have been taken into account. A list of the lines is presented in table 1. Line strength data for the observed transitions are taken from the HITRAN 2008 data base [32] . These data are only valid when the gas temperature is 296 K. Since we record the spectra from the gas in a multi-pass cell at room temperature we can directly use these line strength data.
In order to sweep the QCL frequency over the NO and N 2 O absorption lines of interest, a 500 ns long laser pulse was used, as shown in figure 5 . The raw QCL signal without any absorption (dash blue lines) and with absorption (dash dot red line) is recorded as a function of time, which has to be converted into a energy scale. This is carried out by recording the fringes induced by a germanium etalon with a known free spectral range of 0.0485 cm −1 (green lines). Due to the characteristic response of the QCL to the current pulse, about 10 ns of the laser signal at the beginning and the end of the laser pulse have to be neglected for further analysis. After inverting the time scale to a frequency scale, the etalon fringes are used to obtain a relative wavenumber calibration. For the two laser diodes used here a non-linear correlation between time and the relative frequency of the frequency-down chirp of the laser was found and fitted with a fifth order polynomial.
According to equation (8) For each data acquisition, an average of 100 samples was measured and the detection limit was evaluated to be 1 × 10 19 m −3 and 1 × 10 18 m −3 for resp. NO and N 2 O, which corresponds to 400 and 40 ppb.
Measurement procedure
The procedure to acquire the data points was as follows: the first step was to close the vacuum chamber and to evacuate the whole setup down to at least 1 mbar. In a second step the chamber was filled to 1 bar with clean gases with the same mixture ratio as the process gas. Finally the plasma was switched on and the exhaust of the chamber was opened with a small orifice to relief the overpressure but avoid diffusion of air back into the setup.
The QCL laser beam signal was monitored and typically after 7 min shows no further change, while at 10 min after the plasma was switched on, the IR spectrum together with the plasma power were recorded. The total volume of the chamber is about 6 liters, meaning that ideally the refreshment time at a gas flow of 1.4 slm should be about 4 min. That is in agreement with the observation of the absorbance and also means that no recombination of NO and N 2 O occurs on the surfaces in these time scales.
Results and discussions
The main feed gas in this work was helium, which means that NO and N 2 O are formed from small admixtures. Therefore it is important to control the level of impurities. To keep the impurity level as low as possible we chose stainless steel feed gas tubes, which desorbs less impurities, especially water, than others materials such as organic materials [33] . According to the study of Niermann et al we assumed in this work that the impurity level (water and air) should not exceed some tens ppm [34] . In such conditions, i.e. when only 'pure' helium is flowing, no NO or N 2 O has been measured, since the production of NO and N 2 O requires the presence of atomic nitrogen and atomic oxygen or hydroxyl radicals as can be found in The best conditions for the formation of the measured nitrous species is found with an admixture of about 3600 ppm of nitrogen. That agrees quite well with the results from Schneider et al where the atomic nitrogen density measured by mass spectrometry exhibits a similar optimum [37] . The NO density never exceeds 1 × 10 20 m −3 . This value is lower than the exposure limits for humans, which are presented in table 2. As these were optimal conditions to produce nitric oxide, the plasma is safe to operate in all kind of biomedical applications.
However, varying the N 2 gas mixture changes the absorbed power in the plasma (black dots in figure 7 ) while the applied power on the generator remains constant. It was found that increasing the amount of admixed gasses to the He gas reduces always the absorbed power; for nitrogen this effect is the strongest. Taking into account the decrease of absorbed power when increasing the amount of admixed gasses, a different trend for N 2 addition would be observed: NO would monotonically increase while the increase in N 2 O density would saturate. This difference on the trend is due to the fact that N 2 O density increases less than NO density as a function of the power, as shows in figure 9 . Figure 8 (a) presents NO (blue square) and N 2 O (red circle) densities as function of the O 2 admixture. A small quantity of O 2 is necessary to form the nitrous compounds, but higher amounts decrease the densities for both cases. That can be understood from further oxidation of NO and N 2 O, as shown in table 4 which presents a list of relevant chemical reactions involving NO and N 2 O losses. Excess oxygen, in form of reactive oxygen species such as atomic oxygen, can easily lead to the formation of NO 2 and reduce the measured species densities [38] .
The number of chemical reactions involving NO and N 2 O is quite large. In order to have a better idea what reactions take place in our study, we selected some of them by calculating respectively the loss frequency and the reaction rate for each loss and production reactions involving NO and N 2 O from the reaction list of the computational simulation of a RF μ-APPJ [38] . For the calculation of these rates, we assumed that species densities were comparable to the simulation's results. The most probable reactions for the NO and N 2 O formation and destruction are given in tables 3 and 4. These two lists are comparable to the main reactions list given by van Gaens et al, who made a model on another type of RF μ-APPJ [38] .
The addition of water is presented in figure 8(b) . The variation of admixed H 2 O affects only weakly the NO or N 2 O densities. This result is different from Pipa et al's results [13] . They showed that a small addition of water vapor strongly affects the production of NO radicals. This difference could be due to the impurity level, which seems lower in our conditions.
Comparing figures 8(a) and (b) shows a contrast to the results from the N 2 admixture, where water and oxygen had a very similar effect for the NO production. If higher amounts of water in the plasma do not reduce NO in a similar manner than O 2 , that means that either oxygen-based compounds, such as O, are better oxidizing NO than water-based compound such as OH or H 2 O 2 or production channels for NO are reduced. For the first case, reactions of the type 6 should dominate over type 7, while for the reduced production reactions of type 1 should dominate over 2 and 3. Compared to adding N 2 , adding O 2 or water also reduces the absorbed power, but slightly less than in the case of N 2 . The trends are shown in black with the right hand side scale of figure 8.
It should be noted that figure 8(a) permits to work in either a NO-rich or N 2 O-rich regime. The ratio NO/N 2 O can be varied from almost 4 to values approaching zero.
Other interesting parameters that can be varied easily are the gas flow rate and the input power. Figure 9 presents the absolute densities of NO and N 2 O in the exhaust of the μ-APPJ as a function of the absorbed power for a total gas flow of 1.4 slm He with an admixture of 1400 ppm O 2 and 7100 ppm N 2 . NO and N 2 O densities increase as a function of the absorbed power, which confirms the results of previous studies [12, 14] . 
[43] (8) NO + N → products 2.8 × 10 The power increase is fitted to a polynomial to obtain [NO]/P, dash blue line, and [N 2 O]/P, dash dot red line. One could correct the data in figures 7 and 8 to a constant absorbed power. However, due to the small number of data points versus the absorbed power, the large uncertainty in the individual power measurements assumed to be about 20%, and the constant gas mixture in the power dependent measurements, such a correction would be unreliable.
Another parameter has been tested, which is the total gas flow. Figure 10 (a) presents the NO and N 2 O densities versus the total gas flow for a constant gas mixture: He/O 2 /N 2 : 99.5%/0.14%/0.36%. In both cases, the density goes down as a function of the total gas flow. Figure 10 (b) presents the same results as (a) but normalized to the 0.6 slm value and compare these to the residence time (green line), which is calculated by the formula:
where L, l and h are respectively the length (30 mm), the width (1 mm) and the height (1 mm) of the μ-APPJ, and Φ the total gas flow. The scale of the residence time has been chosen such that the line crosses both densities, NO and N 2 O, at 0.6 slm. The N 2 O trend is comparable with the trend of the residence time, while the NO values decay faster. Measured with a thermocouple probe, the electrodetemper ature was found to increase only by 10 K between 1 and 4 slm, which is too small to modify the plasma chemistry.
However, the gas temperature was not measured and should vary more when the gas flow is changed.
Related to the last two parameters flow and power, a very interesting comparison is shown in figure 11 . The measured NO and N 2 O densities are presented as function of the energy density E/V which is defined by absorbed power P abs and total gas flow Φ (in standard liter).
A striking agreement is found for both independent measurement series. That means that the underlying dependency for figures 9 and 10 is solely the energy density in the plasma. Since the two molecules have different linear slopes as function of the energy density, again regimes can be defined where the ratio of NO/N 2 O can be varied. Low energy density leads to NO/N 2 O-values below unity while higher energy density leads to the opposite ratio. A possible reason is the thermal decomposition of NO 2 at higher temperatures.
Comparison with mass spectrometry
In order to validate the IR absorption measurements and further explore the nitrogen-oxygen chemistry in the μ-APPJ a comparison set of measurements with an atmospheric pressure molecular beam mass spectrometer (MBMS) was performed. The MBMS setup and measurement setup and procedure was essentially the same as Schneider et al [37] . The mass to charge ratio (m/z) signals at 14, 30, 44 and 46 corresponding to N, NO, N 2 O and NO 2 were recorded. The Ionization energy was set to 22, 12.5, 70 and 70 eV respectively, to avoid dissociative ionization for the smaller molecules. A similar purity than in the IR measurements was ensured by using stainless steel tubes and a controlled He atmosphere. As calibration gases neon, for the two lighter species, and Ar for m/z = 44 and 46 were used. The signal was recorded at two distances of 1 and 10 mm between the plasma jet and sampling orifice. Since the IR absorption is measured in the exhaust, we assume that this equals roughly a position of more than 100 mm downstream. The precise value is not very important, since at this late afterglow the chemistry is slowed down, as the reactive species e.g. N are converted. Then the results from the two diagnostics can be compared as a function of distance to the plasma nozzle, which is presented in figure 12 . The trend agrees very well; the densities of all species decrease monotonically downstream from the jet, while more reactive compounds such as N decays faster than e.g. NO. Nitrous oxide is by far the dominant nitrogen specie under this cold, low-oxygen conditions of the ratio He/N 2 /O 2 = 99.58/0.35/0.07. The comparison shows that IR and MBMS can be used for mutual validation and provide a valuable addition to each other; the high spatial resolution of MBMS versus the high accuracy of IR absorption in a multipass cell configuration. Moreover, not only the densities in close proximity of the plasma jet for direct treatment, but also in the far field of the effluent for indirect treatment or to determine safety limits are detected.
NO 2 plays an important role in the production and loss processes of NO and N 2 O and its density is 20 times smaller than NO density. This was also observed by Stoffels et al [11] . Surprisingly, on the spectrum ozone signal was not distinguishable from the background, meaning that O 3 density was not higher than some ppm. Table 5 lists the NO density found for several plasma sources. The conditions such as the feed gas, the type of the discharge and the absorbed power by the plasma are given. As each plasma source is different, we calculated the air conversion fraction in order to make the comparison easier. This fraction is expressed as
Comparison others works
The table reports that this fraction is in the range of 0.1-2% for a plasma driven by a RF excitation, while it is one order of magnitude lower for a kHz excitation. For a plasma jet driven by a kHz excitation, the air conversion fraction is higher when helium is the feed gas compared to argon. This reveals that helium mixtures create more NO than the argon mixtures [18] . This seems to be true with RF excitation as well. Most of the results presented in table 5 were done in situ and the air conversion fraction does not reach a value higher than 1. In our study the absolute NO density directly in the plasma was not accessible. We could assume that the density measured at 1 mm is close to the in situ-value and the conversion value of 1.68 is much higher than the reported ones for argon. This argument is also supported by comparing results further downstream. For forming NO the excitation or dissociation of N 2 is a critical step, which seems to be more efficiently performed by He metastable atoms or a higher electron energy in a He plasma.
Summary
Absolute densities of nitrous species were studied in an atmospheric pressure RF plasma jet. The measurement of NO and N 2 O densities has been performed mainly by means of ex situ quantum-cascade laser absorption spectroscopy via a multipass cell in Herriot configuration. The dependence of the species' production on individual parameters such as power, flow and oxygen, nitrogen and water admixture is shown. NO and N 2 O densities are found to increase with absorbed power, while an increase in the gas flow induces a decrease of these densities due to a reduction in residence time of the gas in the plasma. Actually, a change of these two parameters, absorbed power and gas flow, induces a variation of energy density. The higher energy density, the higher NO and N 2 O densities.
The NO and N 2 O densities are strongly gas mixture dependent. A change of that parameter allows to choose between a NO-rich or a N 2 O-rich regime. NO and N 2 O densities increase as a function of the N 2 admixture, while increasing oxygen, above a minimum value, reduces the densities of both NO and N 2 O. When adding water instead of oxygen to the gas mixture the reduction in the NO density is much less.
For maximal NO and N 2 O formation a ratio of about He/ N 2 /O 2 = 99.5/0.36/0.07 is found to be the most efficient in the μ-APPJ. However, it was found that the absorbed power in the plasma always reduces with increasing admixtures.
Finally, the validation of the results obtained with quantumcascade absorption spectroscopy with mass spectrometry shows how the two measurement techniques can complement each other.
